INTRODUCTION
The mammalian innate immune system functions to identify the presence of infection through recognition of macromolecular structures that are characteristic of pathogenic organisms, termed pathogen-associated molecular patterns (PAMPs). Lipopolysaccharide (LPS) and immunostimulatory CpG DNA sequences are PAMPs associated with bacterial and large DNA virus infection, whereas double-stranded RNA (dsRNA), a viral replication intermediate, represents a molecule characteristic of viral infection. A variety of pattern recognition receptors (PRRs) are involved with PAMP identification. These include the Toll-like receptors (TLRs), which are activated by their ligands at the cell surface or in the endosomal/lysosomal compartment (1) , and intracellular receptors such as the dsRNA-dependent protein kinase (PKR) and 2Ј-5Ј oligoadenylate synthetases (2) . Activated PRRs initiate signaling cascades that regulate the expression of a number of proteins including type I interferons (IFNs), proinflammatory cytokines, and nitric oxide synthase (NOS2; Refs. 3 and 4).
Ligation of PRRs also stimulates maturation of dendritic cells (DCs) for antigen presentation. These immune functions not only inhibit pathogen propagation during infection but also support development of acquired immune responses. Indeed, many preclinical studies have demonstrated that PAMP stimulation of the innate immune system is critical for the efficacy of tumor vaccines (5) and immune-based therapies (6, 7) .
Based on two disparate observations, we have hypothesized that CpG DNA in combination with dsRNA could provide enhanced stimulation of innate immunity that could lead to an effective tumor immunotherapy. First, in nonclinical studies, dsRNA and CpG DNA are present in one of the most effective vectors for plasmid DNAbased tumor vaccines, i.e., plasmid DNA that encodes the Sindbis virus replicon (pSIN; Refs. 5 and 8). In comparison with conventional cytomegalovirus-based plasmid vectors (pCMV), pSIN can break host tolerance to syngeneic tumors with 2-3 orders of magnitude improved potency (8) . A potential explanation for the improved efficacy of pSIN is the greater levels of dsRNA produced by the SIN replicon (8, 9) . Indeed, PKR, a dsRNA-responsive serine threonine kinase, is activated during pSIN transfection, and the RNAse L arm of the intracellular dsRNA response is required for optimal development of acquired immunity during pSIN vaccination (5) . Because CpG DNA sequences exist in the plasmid component of both pCMV and pSIN vectors (10, 11) , it is of interest to determine whether dsRNA and CpG DNA in combination could provide enhanced stimulation of innate immunity in comparison with treatment with either agent alone. Moreover, dsRNA and CpG DNA are present during infection with large DNA viruses. Whereas it is well established that dsRNA is a significant PAMP produced during infection with large DNA viruses (12) (13) (14) (15) , recent evidence establishes unmethylated CpG DNA as a PAMP for large DNA viruses. Indeed, the CpG dinucleotide frequency in large DNA viruses is similar to that of bacterial DNA (16, 17) , and DNA fractions from large DNA viruses such as herpes simplex virus (HSV) and adenovirus can be stimulatory (18, 19) . Moreover, TLR9 is required for plasmacytoid DC recognition of HSV (20, 21) . Therefore, because CpG DNA and dsRNA are present during pSIN vaccinations as well as large DNA viral infection, we predict that dual recognition of these two PAMPs mimics viral infection, resulting in enhanced activation of the innate immune response. Double-stranded RNA, which is recognized by TLR3 (22) , PKR (23) , and 2Ј-5Ј oligoadenylate synthetases (24, 25) , and CpG DNA, which is recognized by TLR9 (26, 27) , stimulate immune activities that are favorable for inhibiting tumor growth. First, the induction of type 2 NOS2 in macrophages leads to the production of nitric oxide (NO) that possesses bactericidal, virucidal, and tumoricidal activities (4, 28) . Proinflammatory cytokines such as interleukin (IL)-12, tumor necrosis factor (TNF)-␣, and IL-6 produced in monocytes, macrophages, and DCs can promote development of acquired immunity in part through stimulation of IFN-␥ production from natural killer (NK) and T cells and antigen presentation functions (29, 30) . Type I IFNs are well known for their antitumor and antiviral effects through their ability to directly inhibit cell growth as well as viral replication (2) . Finally, cytolytic activity of NK cells is an important component of viral defense and many strategies for tumor immune therapy (31, 32) . Thus, if dsRNA and CpG DNA combine for enhanced activation of innate immunity, the combination is likely capable of providing improved tumor clearance.
Here we describe for the first time synergism between dsRNA and CpG DNA for the activation of a macrophage-like cell line (RAW 264.7) and primary bone marrow-derived macrophages (BMMs). RAW 264.7 cells or BMMs treated with synthetic mimics of dsRNA and CpG DNA (i.e., pIC and CpG-ODN) resulted in the synergistic induction of NOS2, IL-12p40, TNF-␣, and IL-6. Type I IFNs were shown to play a role in mediating the NOS2 response; however, synergism resulting in cytokine production was independent of type I IFNs. In cotransfection studies of non-macrophage 293T cells, synergism was demonstrated between human TLR3 and TLR9 for the activation of IL-8 promoter reporter constructs. These observations were extended in vivo, where the combination demonstrated synergism for eliciting IL-6 and IL-12p40 serum levels in mice and provided an enhanced antitumor response to established B16-F 10 pulmonary metastases in comparison with treatments with pIC or CpG-ODN alone. Finally, treatment with pIC and CpG-ODN in vivo stimulated enhancement of NOS2 expression in the lungs and class I major histocompatibility complex expression in splenic DCs.
ies, the indicated immunostimulatory nucleic acids were added to fresh growth medium supplemented with or without neutralizing antibody at the indicated concentrations. Before the experiment, the titer of neutralizing units for each antibody was determined by the ability to block recombinant IFN-␣ or -␤ protection of L929 cells from encephalomyocarditis virus (EMCV) challenge. The mixture was then added to cells plated on a 96-well plate as described above and incubated for 16 or 24 h.
Assays for Nitrite and Cytokine in Culture Supernatants and Mouse Serum. Culture supernatants were collected 6, 16, or 24 h after stimulation and cleared of debris by a brief centrifugation (500 ϫ g for 5 min). Cleared supernatants were either stored at Ϫ20°C until the time of assay or immediately assessed for nitrite or cytokine. Nitrite was measured by Griess assay. Culture supernatants were assessed for murine IL-12p40, IL-6, or mouse TNF-␣ by sandwich enzyme-linked immunosorbent assay (ELISA) using the mouse BD OptEIA ELISA sets (BD Biosciences) following the manufacturer's instructions. Type I IFN was measured by viral protection assays of L929 cells with EMCV as challenging virus.
Reverse Transcription-Polymerase Chain Reaction. On the second day after plating, RAW 264.7 cells or BMMs were stimulated with either medium or the indicated concentrations of pIC and CpG-ODN either alone or in combination. At the indicated time after treatment, medium was removed, and total cellular RNA was isolated using Trizol reagent (Life Technologies, Inc., Grand Island, NY) according to the manufacturer's instructions. Total RNA was reverse transcribed into cDNA using poly(A) priming and Superscript II (Life Technologies, Inc.) reverse transcriptase according to the manufacturer's instructions. The cDNA was then amplified by two-temperature (95°C for 15 s and 60°C for 1 min) PCR for 25-30 cycles using PlatinumTaq (Life Technologies, Inc.) and primers specific for NOS2, IL-12p40, IL-6, and TNF-␣. The NOS2, IL-12p40, and IL-6 PCR primers were selected from the work of Overbergh et al. (34) , and the sequences were as follows: NOS2 forward primer, 5Ј-CAG-CTG-GGC-TGT-ACA-AAC-CTT-3Ј; NOS2 reverse primer, 5Ј-CAT-TGG-AAG-TGA-AGC-GTT-TCG-3Ј; IL-12p40 forward primer, 5Ј-GGA-AGC-ACG-GCA-GCA-GAA-TA-3Ј; IL12p40 reverse primer, 5Ј-AAC-TTG-AGG-GAG-AAG-TAG-GAA-TGG-3Ј; IL-6 forward primer, 5Ј-CAG-AAT-TGC-CAT-CGT-ACA-ACT-CTT-TTC-TCA-3Ј; and IL-6 reverse primer, 5Ј-AAG-TGC-ATC-ATC-GTT-GTT-CAT-ACA-3Ј. Murine TNF-␣ was measured using the TNF-␣ gene-specific relative RT-PCR Kit from Ambion, Inc. The PCR for IFN-␤ was performed as described above, except that a temperature cycle of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min and 45 s for 40 cycles was used. The PCR primers specific for IFN-␤ were selected from the work of Toshchakov et al. (35) , and the sequences were as follows: IFN-␤ forward primer, 5Ј-TCC-AAG-AAA-GGA-CGA-ACA-TTC-G-3Ј; IFN-␤ reverse primer; and 5Ј-TGA-GGA-CAT-CTC-CCA-CGT-CAA-3Ј. PCR products were separated on a 2% agarose/Tris-acetate EDTA gel and stained with ethidium bromide for visualization. All RT-PCR reactions gave single products.
Quantitative real-time PCR for murine IFN-␤ and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a housekeeping control was performed on cDNA samples prepared from treated cells as described above using ⍀ Beacon Gene Expression Sets from Gorilla Genomics, Inc. (Alameda, CA) according to the manufacturer's instructions. The temperature cycle was 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s for 45 cycles. The cross-threshold cycle (C t ) was measured using an iCycler and associated software from Bio-Rad (Hercules, CA). Copy number was determined from a standard curve of C t versus copy number using cDNA standards for either IFN-␤ or GAPDH. Relative copy number was calculated as IFN-␤ copy number/GAPDH copy number. Real-time PCR analysis for NOS2, IL-12p40, and TNF-␣ was performed using SYBR-Green (Perkin-Elmer) according to the manufacturer's instructions with the specific primer pairs indicated above and primer pairs for 18S rRNA as reference RNA (Classic 18S primer pairs; Ambion, Inc.). The two-temperature cycle of 95°C for 15 s and 60°C for 1 min (repeated for 40 -45 cycles) was used, and Ct was measured using the iCycler. Relative transcript quantities were calculated by the ⌬-⌬Ct method using 18S rRNA as a reference amplified from samples using the Classic 18S primer pairs from Ambion, Inc. Normalized samples were then expressed relative to the average ⌬Ct value for untreated controls to obtain relative fold change in expression levels. vector, 25 ng of luciferase reporter vector, and 10 ng of pRL-TK made up to 725 ng with p3XFLAG. At 24 h after transfection, cells were plated evenly onto a 96-well plate. At 36 h after transfection, pIC was added for 8 -16 h. The cells were then lysed and assayed according to the Promega Dual Luciferase Assay Protocol (Promega). Luminescence was recorded on a Lumistar Galaxy luminometer (BMG Lab Technologies). All results were standardized using renilla luciferase activity. All assays were performed at least three times, and results were representative.
In Vivo Assessment of Serum Cytokine Levels. C57BL/6 mice received intraperitoneal injection with phosphate-buffered saline (PBS), pIC (30 g/ mouse), CpG-ODN 1826 (20 g/mouse), or pIC and CpG-ODN 1826 combination at their respective doses in a total injection volume of 200 l. The selected doses were based on preliminary dose-response analyses for intraperitoneal treatments with pIC or CpG-ODN alone and were at or near the ED 50 (50% effective dose) for each agent (data not shown). Four hours after injection, i.e., the time of peak IL-12 and IL-6 serum levels based on previous studies of CpG-ODN (6, 36), blood was collected by retro-orbital bleed under Avertin anesthesia. Blood was allowed to coagulate for 2 h at room temperature, and serum was isolated as the supernatant after centrifugation for 15 min at 800 ϫ g. Serum was stored at Ϫ20°C until the time of assay. IL-12p40 and IL-6 were determined by ELISA as described above.
B16-F 10 Experimental Pulmonary Metastasis. C57BL/6 mice were inoculated with 1.0 ϫ 10 5 B16-F 10 cells in 0.2 ml of Hanks' buffer by tail vein injection on day 0. On day 3 after tumor inoculations, mice were treated with either PBS, pIC (30 g/mouse), CpG-ODN 1826 (20 g/mouse), or the combination of pIC and CpG-ODN 1826 by intraperitoneal injection. On day 17 after tumor inoculations, mice were sacrificed by CO 2 asphyxiation and weighed in grams to determine body weight. Lungs were excised and then inflated and fixed in 10% formalin/PBS. Tumor burden was determined by counting black nodules using a dissecting microscope. Tumor-bearing lungs were weighed in grams, and lung tumor mass was determined as the percentage of body mass of tumor-bearing lung minus the average percentage of body mass of tumor-free lungs, i.e., lung tumor mass ϭ [(tumor-bearing lung weight/body weight) ϫ 100] -mean[(tumor-free lung weight/body weight) ϫ 100]. The mean percentage of body mass for tumor free lungs was 1.2% (g/g).
NOS2 Expression in Lungs. Mice were inoculated with tumor and treated on day 3 after inoculation with PBS, pIC alone, CpG alone, or pIC and CpG in combination as described above. Twenty-four hours after treatment, lungs were excised from mice and flash-frozen in liquid N 2 . Lungs were then homogenized on ice in 1 ml of lysis buffer [50 mM Tris-HCl (pH 7.6), 1% Nonidet P-40, 150 mM NaCl, 5 mM EDTA, 100 mM NaF, 2 mM Na PP i , 2 mM sodium orthovanadate, 1 mM dithiothreitol, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin, 10 g/ml pepstatin A, and 10 g/ml aprotinin] using a Dounce homogenizer. Lung homogenates were then sonicated three times using a bath sonicator. Lung whole cell extracts were cleared of debris by centrifugation (12,000 ϫ g for 20 min at 4°C). Eighty micrograms of cleared lung lysates were separated on an 8% SDS-polyacrylamide gel electrophoresis gel and transferred to polyvinylidene difluoride membrane. Membranes were probed for NOS2 expression using a rabbit polyclonal antibody specific for mouse NOS2 (Upstate Biotechnology, Inc.) and for ␤-actin as a loading control by Western blot using appropriate horseradish peroxidase-coupled secondary antibodies. Bands were detected using enhanced chemiluminescence.
Flow Cytometric Analysis of Antigen Presentation Markers in Splenic Dendritic Cells. Mice were inoculated with tumor and treated on day 3 after inoculation with PBS, pIC alone, CpG alone, or pIC and CpG in combination as described above. Twenty-four hours after treatment, spleens were excised from mice, and a single-cell suspension, pooled from two mice, was prepared by pressing spleens though a 70 m nylon mesh. Contaminating red blood cells were removed by ammonium chloride lysis. The resulting crude splenocytes were stained for two-color analysis using a biotinylated anti-CD11c antibody and fluorescein isothiocyanate-coupled antibodies for class I major histocompatibility complex (MHC), class II MHC, or CD80 purchased from BD Biosciences-PharMingen according to the manufacturer's instructions using Fc block to prevent nonspecific binding of antibodies to the Fc receptor. Cell suspensions were then incubated with phycoerythrin-coupled streptavidin for detection of the biotinylated anti-CD11c antibody. All samples were also stained with appropriate isotype control antibodies for CD11c as well as the antibodies with direct fluorophore couple. Stained samples were fixed in 1% paraformaldehyde/PBS and stored in the dark at 4°C. Within 2 days of staining, surface markers were detected by flow cytometric analysis using a FACScan flow cytometer from Becton Dickinson (San Jose, CA) and analyzed using the associated CELLQuest software from Becton Dickinson. Staining with isotype controls was Ͻ1% in regions where antigen presentation markers were considered positive and did not change with treatment. Presented is a single-color histogram of the indicated antibody gated on CD11c-positive cells, which ranged from 7% to 10% of the total spleen population.
Statistical Analyses and Determination of Synergism. Synergism in concentration-response curves at fixed concentration ratios was determined using . E, median effect analysis of drug interaction to determine synergism for NO response in BMMs (B). F, median effect analysis of drug interaction to determine synergism for IL-12p40 response in BMMs (C). In A and B, NO was determined by assessing culture supernatants for nitrite by the Griess assay. In C, IL-12p40 produced in the culture supernatants was determined by ELISA. All data points represent mean Ϯ SE (n ϭ 3-6). Numbers in parentheses represent fold synergy, i.e., the fold increase for the combined treatment relative to the sum of the levels observed for each component treated alone. Stars represent significant (P Ͻ 0.02) interaction as determined by two-way ANOVA. Chou and Talalay (37) . For single concentration combinations, significant synergism was assessed by two-way analysis of variance (ANOVA; Ref. 38). Student's t test was used to evaluate the effects of neutralizing antibodies on similarly treated samples in the absence or presence of neutralizing antibodies. Student's t test was also used to determine differences between the indicated treatments for tumor burden and tumor mass.
RESULTS
Synergistic Activation of NOS2 and Proinflammatory Cytokines in Murine Macrophages. To test the hypothesis that dsRNA and CpG DNA could combine to provide enhanced immunostimulation, activation of cultured murine macrophages was measured after treatments with pIC, a synthetic mimic of dsRNA, and CpG-ODN 1826, a synthetic mimic of bacterial DNA, either alone or in simultaneous combination (Fig. 1) . Activation was assessed by the release of NO and IL-12p40 into culture supernatants after treatment as measured using the Griess and ELISA assays, respectively. In RAW 264.7 cells, a murine macrophage-like cell line, treatment with either pIC or CpG DNA alone provided the expected concentration-response curves for NO production (Fig. 1A) . Interestingly, when treated in combination, CpG DNA caused a concentration-dependent enhancement of the NO response to pIC. Indeed, median effect analysis for drug interaction indicated that the combined effects of pIC and CpG DNA were synergistic (Fig. 1D) . The fold increase in NO ranged from 1.2-to 3.6-fold greater than the additive levels observed using the individual PAMPs (P Ͻ 0.02). To eliminate immortalization artifacts possible in the RAW 264.7 cells, NO production was measured in primary BMMs from C57BL/6 mice (Fig. 1B) . The concentrationresponse to pIC alone was similar that observed with RAW 264.7 cells; however, there was only marginal stimulation of NO production by CpG DNA alone at concentrations up to 1 g/ml. Most importantly, combined treatment of primary BMMs stimulated concentration-dependent synergism for the NO response (Fig. 1, B and E) . The levels of synergy ranged from 2.1-to 3.7-fold greater than additive levels (P Ͻ 0.02). When activation was measured by IL-12p40 release from primary BMMs (Fig. 1C) , a concentration-dependent and synergistic (Fig. 1F ) response was observed under the condition of combined stimulation, with levels of synergy that ranged from 1.4-to 5.2-fold greater than the additive effects of pIC or CpG alone (P Ͻ 0.02). Indeed, synergy for both NO and IL-12p40 was CpGdependent because non-CpG DNA failed to stimulate an enhanced response (data not shown). The optimal concentration ratio (in g/m) of pIC and CpG for stimulating a synergistic response was 10:1, respectively.
In the sequence of gene induction that follows PAMP stimulation as well as bacterial or viral infection, IL-12p40 and NOS2 represent intermediate and late response genes that may be influenced by secondary effects of cytokines or IFNs produced in culture. Thus, we decided measure the early response gene TNF-␣ and the intermediate response gene IL-6, which are generally regulated independent from type I IFNs. Indeed, combined stimulation of RAW 264.7 cells with pIC and CpG-ODN resulted in a potentiated IL-6 response ( Fig. 2A) . Similar to NOS2 and IL-12p40, the TNF-␣ response was synergistic (Fig. 2, B and C) . In data not shown, pIC and CpG-ODN stimulation combined to provide synergistic TNF-␣ and IL-6 responses in primary BMMs. Finally, synergism was CpG-dependent in both RAW 264.7 cells and primary BMMs because non-CpG-ODN failed to elicit enhanced TNF-␣ and IL-6 responses (data not shown).
Type I IFN-Dependent and -Independent Mechanisms Mediate the Synergy Response to pIC and CpG DNA. Previous studies have demonstrated that type I IFNs (IFN-␣ and IFN-␤) are capable of enhancing the activation of macrophages by LPS (35, 39) . In addition, our recent studies 4 suggest that type I IFNs may up-regulate TLRs as well as components of TLR signaling pathways. Indeed, all of the genes examined thus for synergism possesses nuclear factor (NF)-B and activator protein (AP)-1 regulatory elements in their promoter that are regulated by TLR signaling pathways. Because pIC is a strong inducer of type I IFN (40, 41), we decided to measure the role of type I IFNs in regulating pIC and CpG synergism. First, RT-PCR was used to measure the kinetics of proinflammatory gene induction for genes that either possess (NOS2) or lack (TNF-␣, IL-12p40, and IL-6) IFN-stimulated response elements (ISREs) in their promoter (Fig.  3A) . As expected, NOS2, IL12p40, TNF-␣, and IL-6 gene induction was strongest, as indicated by scanning densitometry (data not shown), with combined treatment consistent with the enzymatic and 4 Unpublished observations. Figs. 1 and 2) . Indeed, quantitative real-time PCR analyses at peak times of transcript induction indicated that combined treatment resulted in enhanced transcript levels that were greater than additive relative to single treatments in both RAW 264.7 cells (Fig. 3B ) and primary BMMs (Fig. 3C) . Thus, the enhanced response to combined stimulation occurs in genes independent of direct ISRE control.
Although the synergy response occurs independent of ISRE control elements, this does not rule out the influence of possible secondary effects of IFN, such as up-regulation of TLRs or TLR signaling components that could regulate the enhanced response. To assess for secondary type I IFN affects, BMMs were treated in the absence or presence of neutralizing antibodies for IFN-␣ or IFN-␤ (Fig. 4) , which were titered based on the ability to block the protective effects of the respective type I IFNs from EMCV challenge of L929 cells (data not shown). Whereas the IFN-␣ neutralizing antibody had no effect on NO production for any of the conditions of stimulation, the IFN-␤ neutralizing antibody inhibited the NO response to pIC alone (61% inhibition; P ϭ 0.003), as well as the NO synergy response (63% inhibition; P ϭ 0.004; Fig. 4A) . The low-level NO response to CpG-ODN alone was also inhibited by neutralizing antibody for IFN-␤ (P ϭ 0.01). In contrast, neutralizing IFN-␣ and IFN-␤ significantly enhanced the IL-12 response to combined stimulation (from 1.3-to 1.5-fold; Fig. 4B ; P Ͻ 0.03). Interestingly, neither neutralizing antibody affected synergism for TNF-␣ (Fig. 4C) or IL-6 (Fig. 4D) .
Because synergistic production of type I IFN with combined stimulation might explain why the neutralizing antibodies were ineffective for blocking cytokine production, induction of IFN-␤ was measured using RT-PCR of the cDNA samples obtained from RAW 264.7 cells treated in Fig. 3A to determine whether the IFN-␤ response itself was synergistic (Fig. 5A) . Induction of IFN-␤ was detected with both pIC stimulation and combined stimulation but was only marginally detectable after CpG-ODN treatment (Fig. 5A) . Interestingly, the level of IFN-␤ under conditions of combined stimulation did not appear greater than that observed with pIC alone. To obtain a more quantitative assessment of type I IFN production, IFN-␤ transcript levels were assessed 6 h after stimulation of BMMs by quantitative real-time PCR (Fig. 5A, right panel) , and, indeed, IFN-␤ transcript levels were similar with pIC alone and the pIC ϩ CpG combination. Viral protection assays that measure the effects of both IFN-␣ and IFN-␤ (Fig. 5B) were performed on culture supernatants from RAW 264.7 cells stimulated for 20 h with pIC and CpG, alone or in combination The PCR products were amplified using primer pairs specific for TNF-␣ and detected using SYBR-Green. C, relative expression of IL-12p40 (f) and NOS2 (o) in primary BMMs stimulated for 6 h with the indicated concentrations of pIC and CpG-ODN alone and in combination. The PCR products were amplified using primer pairs specific for either IL-12p40 or NOS2 and detected using SYBR-Green. Relative expression of TNF-␣ (B) as well as IL-12p40 and NOS2 (C) was calculated with the ⌬-⌬Ct method as described in "Materials and Methods" using 18S rRNA as an internal control. Relative expression was calculated with respect to untreated controls. (Fig. 5B) . Consistent with the IFN-␤ RT-PCR, there was no difference in type I IFN levels between treatments with pIC alone or pIC and CpG in combination. Thus, pIC and CpG do not display synergism for type I IFN production in murine macrophages. To confirm the results obtained with the neutralizing antibodies, primary BMMs derived from type I IFN receptor (IFNR)-knockout (KO) mice were stimulated with various concentrations of pIC and CpG-ODN, either alone or in combination (Fig. 5C, left panel) . Indeed, synergism between pIC and CpG for eliciting IL-12p40 was maintained in IFNR-KO BMMs. The lack of NO response to pIC in IFNR-KO BMMs (Fig. 5C,  right panel) indicates the integrity of IFNR gene deletion. Taken together, the studies on type I IFNs suggest that whereas IFN-␤ is an important component stimulating the synergism observed with NOS2, type I IFNs are not involved in regulating the enhanced proinflammatory cytokine response to combined stimulation with pIC and CpG-ODN.
Cotransfection of Human TLR3 and TLR9 Provides Enhanced Activation of the IL-8 Promoter after pIC Stimulation.
A possible explanation for IFN-independent synergy is cooperativity between TLRs or their downstream signaling pathways. To assess the hypothesis that TLRs could combine for enhanced immunostimulation, human TLRs 1-9 were cotransfected with TLR3 into 293T cells, and activation of a luciferase reporter gene for the IL-8 promoter was measured after stimulation with pIC (Fig. 6A) . With the exception of TLR4, TLRs 1-8 provided a slight enhancement (1.5-to 2-fold) of the pIC-stimulated IL-8 activation compared with transfections with TLR3 alone. The most potent combination of TLRs for pIC-stimulated IL-8 activation, however, was TLR3 and TLR9 (Fig. 6A) , i.e., the TLRs for dsRNA and CpG DNA. This combination provided a nearly 4-fold enhancement of the response that was concentration-dependent (Fig. 6B) . Although the mechanisms remain to be determined, it is clear that human TLR3 and TLR9 pathways specifically combine to provide an enhanced stimulatory effect. Synergism for Proinflammatory Cytokine Production and Antitumor Activity in Vivo. We next wanted to assess whether synergism between dsRNA and CpG DNA occurred in vivo. To measure in vivo cytokine induction, serum was collected from C57BL/6 mice 4 h (i.e., the peak time for IL-12 and IL-6 production) after intraperitoneal injection with PBS, pIC, CpG-ODN 1826, or the combination at the respective doses (Fig. 7, A and B) . When doses of pIC and CpG-ODN were at or near the ED 50 for eliciting IL-12p40, as determined in initial dose-response experiments with single agents (data not shown), the IL-12 response demonstrated significant (P Ͻ 0.00005) synergism that was 1.8-fold greater than additive levels (Fig. 7A) . Whereas CpG-ODN alone did not stimulate detectable levels of IL-6, the same dose of CpG in combination with pIC stimulated levels of IL-6 (Fig. 7B ) that were 2.3-fold greater than the response to pIC alone (P Ͻ 0.00003). Thus, similar to our observations using cultured macrophages, the systemic cytokine response to combined stimulation with pIC and CpG in vivo displayed synergism.
Because combined treatment elicited an enhanced innate response, we wanted to determine whether the combination could lead to an effective tumor immunotherapy. Mice were inoculated with 1 ϫ 10 5 B16-F 10 melanoma cells, a murine melanoma model that is syngeneic in C57BL/6 mice, by tail vein injection. On day 3 after inoculation, mice were treated with either PBS, pIC, CpG-ODN 1826, or the combination by intraperitoneal injection at doses that elicited the synergistic cytokine response (Fig. 7, A and B) . On day 17, mice were sacrificed, and lungs were excised, scored for lung tumor burden (Fig. 7C) , and weighed to determine tumor mass (Fig. 7D) . Combined treatment significantly (P Ͻ 0.01) reduced tumor burden by 37-40% compared with treatments with CpG-ODN or pIC alone, which had no significant effect on tumor burden relative to PBS-treated controls (Fig. 7C) . Tumor mass was not significantly reduced by pIC treatment (Fig. 7D) . In contrast, treatments with CpG alone and pIC and CpG in combination significantly (P Ͻ 0.02) reduced lung tumor mass compared with pIC treatment by 58% and 78%, respectively (Fig. 7D) . Moreover, further reduction of tumor mass by combined treatment approached significance (P ϭ 0.05) in comparison with mice treated with CpG alone. Thus, using both measures, combined treatment had an enhanced antitumor response relative to treatments with single agents.
Because macrophages demonstrated synergism for NO production in vitro and NO released from activated macrophage can possess tumoricidal activity, the lungs of tumor-bearing mice were assessed for NOS2 expression. Mice were inoculated with B16-F 10 tumor cells and treated with PBS, pIC (30 g/mouse), CpG-ODN (20 g/mouse), or pIC ϩ CpG-ODN as described in the above-mentioned experiments. Twenty-four hours after treatment, whole cell extracts from lungs were collected and assessed for NOS2 expression (Fig. 8A) by Western blot analysis. Treatment with pIC did not enhance NOS2 expression in lungs relative to PBS-treated mice, whereas treatment with CpG-ODN increased NOS2 expression (Fig. 8A) . The pIC and CpG combination resulted in a further enhancement of NOS2 expression relative to treatment with CpG alone (note that ␤-actin loading controls indicate protein overloading in CpG lanes relative to other treatments). All treatments increased NK cell activation relative to PBS treatment at 24 h, as indicated by flow cytometric analysis showing increased CD69 expression on NK1.1ϩ cells in splenocytes harvested at the same time as lungs; however, NK activation was not further enhanced by combined treatment relative to treatments with pIC or CpG-ODN alone (data not shown). Thus, whereas both innate immune effector mechanisms with tumoricidal activity were stimulated, only macrophage NOS2 showed further enhancement by combined treatment relative to treatments with pIC or CpG-ODN alone.
The B16-F 10 model of experimental pulmonary metastasis is poorly immunogenic as a result of down-regulated MHC expression and antigen processing similar to some human tumors (42, 43) . However, immunization of mice with tumor-associated antigens (TAAs) using pSIN, as well as other vaccination strategies, is capable of breaking immunological tolerance to B16-F 10 , resulting in acquired responses to melanoma TAAs (5, 44) . Thus, in addition to innate effector responses such as macrophage NO production and NK activity that are capable of direct tumoricidal activities, antigen presentation mediated by DCs may also be an important innate mechanism that facilitates development of acquired antitumor responses. To measure DC maturation, splenocyte preparations were collected from the mice described in Fig. 8A at 24 h, and expression of DC antigen presentation markers was analyzed by flow cytometry (Fig. 8B) . As expected, class I MHC expression (Fig. 8B, left column) was positive on all cells gated for the DC marker CD11c (Fig. 8B) . All treatments stimulated increased class I expression, as indicated by the shift in mean fluorescence intensity (MFI), relative to PBS-treated controls (grayshaded histograms), with the greatest shift occurring in the combined treatment group (MFIs for entire class I histograms are not shown but were 76 for PBS, 155 for pIC, 165 for CpG, and 195 for pIC ϩ CPG; Fig. 7 . In vivo coadministration of pIC and CpG-ODN in mice elicits a synergistic proinflammatory cytokine response (A and B) that correlates with an enhanced antitumor effect against established B16-F 10 pulmonary metastases (C and D). A and B, C57BL/6 mice were treated with pIC and CpG-ODN, either alone or in combination, at the indicated doses (g/mouse) by intraperitoneal injection. Four hours after treatment, serum was collected and assessed for IL-12p40 (A) or IL-6 (B) by ELISA. Bars represent the mean Ϯ SE (n ϭ 6 mice) pooled from two independent experiments. Stars represent significant (P Ͻ 0.00005) interaction as determined by two-way ANOVA. C and D, combined treatment of C57BL/6 mice bearing established B16-F 10 pulmonary metastases with pIC and CpG-ODN significantly reduces lung tumor burden (C) and lung tumor mass (D) relative to treatments with single agents. C57BL/6 mice received injection of 1 ϫ 10 5 B16-F 10 cells by tail vein injection. Using a dose combination that displayed synergism for eliciting IL-12 and IL-6, mice were treated with PBS (i.e., control mice) or pIC (30 g/mouse) and CpG-ODN (20 g/mouse) alone and in combination 3 days after tumor inoculation. On day 17, lungs were excised from mice and weighed, and tumors were counted under a dissecting microscope. C, tumor burden was normalized to PBS-treated controls as described in "Materials and Methods." D, tumor mass was calculated as the percentage of body weight of tumor-bearing lungs minus the average percentage of body weight of tumor-free lungs (1.2% body weight) as described in "Materials and Methods." Bars represent mean Ϯ SE (n ϭ 5-6) for a representative experiment that was reproduced twice. Tumor burden and tumor mass for pIC-treated mice were not significantly different from those of PBS-treated controls. 8B ). In PBS-treated controls, 16% of CD11c-positive cells had high class I MHC levels, as indicated by the delineated region. All treatments increased the percentage of cells within this region, with the combined treatment showing the greatest percentage increase (pIC ϭ 41%, CpG ϭ 43%, and pIC ϩ CpG ϭ 54%). Thus, whereas all treatments increased class I expression, combined treatment with pIC and CpG demonstrated the greatest enhancement. In PBS-treated mice, 33% of CD11c-positive cells were positive for class II MHC (Fig. 8B , middle column; MFI in the delineated region of the shaded plot ϭ 143). Treatments with pIC and CpG alone increased the percentage of DCs positive for class II to 56% and 41%, respectively, with no change or a reduction in MFI (MFI for pIC ϭ 144; MFI for CpG ϭ 111). Combined treatment increased class II expression in terms of both percentage (59%) and MFI (MFI ϭ 153). Thus, combined treatment with pIC and CpG DNA resulted in the greatest enhancement of class II expression on DCs (similar to expression of class I, but to a lesser degree). Analysis of the costimulatory molecule CD80 (Fig. 8B, right column) revealed that all treatments increased CD80 expression (as indicated in the delineated region) on DCs relative to PBS (PBS ϭ 38% with MFI of 79, pIC ϭ 58% with MFI of 83, CpG ϭ 66% with MFI of 83, and pIC ϩ CpG ϭ 64% with MFI of 86). Thus, all treatments enhanced the costimulatory function of DCs indicating maturation; however, combined treatment did not elicit further enhancement. Taken together, these data suggest that treatment with pIC and CpG-ODN in combination stimulated DC maturation with an increased capacity to present antigen through class I and class II MHC relative to treatments with either agent alone. Moreover, the obligatory costimulatory factors for antigen presentation were activated.
DISCUSSION
These studies provide the first description and characterization of synergism between dsRNA and CpG DNA response pathways. Synergism was observed for the induction of NOS2, IL-12p40, TNF-␣, and IL-6 in murine macrophages, all of which play important roles in innate immunity during a developing immune response. Although dsRNA and CpG DNA did not cause synergistic induction of IFN-␤, IFN neutralization studies demonstrate that paracrine or autocrine effects of IFN-␤ are important for NOS2 synergy. Interestingly, mechanisms of synergy independent of IFN-␤ contribute to the IL12p40, TNF-␣, and IL-6 responses. In support of the studies with IFN-neutralizing antibodies, synergism for IL-12p40 production was maintained in BMMs from type I IFNR-KO mice. This is not surprising because these cytokines are generally not responsive to IFN and lack ISREs in their promoters. In support of IFN-independent mechanisms regulating synergy, cotransfection of human TLR3 and TLR9 caused a synergistic activation of the IL-8 reporter construct in response to dsRNA stimulation (Fig. 5) , suggesting that components of TLR3 and TLR9 signaling pathways can combine in a synergistic manner. Moreover, the data also show that synergism between these pathways can occur in human cells. With in vivo studies, combined treatment of mice with pIC and CpG stimulated greater than additive levels of cytokine that correlated with enhanced inhibition of the growth of established B16-F 10 pulmonary metastases in comparison with treatments using the single agents alone. Furthermore, combined treatment resulted in enhanced expression of NOS2 in the lungs of tumor-bearing mice. Finally, combined treatment resulted in enhanced class I MHC levels in splenic DCs that were capable of the antigen presentation function, suggesting a mechanism of antigen crosspresentation may be facilitated by combined treatment.
We hypothesize that the combined effects of dsRNA and CpG DNA mimic infections with large DNA viruses; thus, the heightened response is indicative of a two-signal biological response, a recurrent theme throughout the immune system, to the presence of two PAMPs from an invading pathogen. Double-stranded RNA is a viral replication intermediate that has long been recognized as a PAMP associated with viral infection, including infections with large DNA viruses. Indeed, several large DNA viruses have acquired strategies of immune avoidance that circumvent the host intracellular dsRNA response pathways (45) (46) (47) . Although CpG DNA is generally referred to as a "bacterial" product, recent evidence confirms that CpG DNA is a viral PAMP. The CpG dinucleotide occurs at a similar frequency in most invertebrates (16) , and large DNA viruses (Ͼ30 kb) such as cytomegalovirus have a similar CpG DNA frequency as Escherichia coli (17) . Isolates of DNA from viruses with similar relative abundance of CpG to bacterial DNA have immunostimulatory properties (18, 19) . Finally, TLR9 is required for pDC recognition of HSV and concomitant IFN-␣ production (20, 21) . Thus, it is clear that dsRNA and CpG DNA represent PAMPs that are present during infections with large DNA viruses. Another circumstance in which synergy between these PAMPs may be advantageous to the host is in the case of superinfection, such as an RNA respiratory viral infection leaving the host susceptible to bacterial infection. Thus, the combined recognition of dsRNA and CpG DNA could represent definitive recognition of virus or identification of severe infection, with either case warranting an amplified immune response. Moreover, our data suggest that an intriguing byproduct of this amplified response is enhanced antitumor activity.
It is of interest that treatments stimulating the greatest increase in lung NOS2 expression (Fig. 8A) , i.e., CpG-ODN alone and in combination with pIC, were most effective for inhibiting tumor growth (Fig. 7D) . It remains to be determined whether the enhanced NOS2 expression is a result of direct synergism in activating macrophages or an enhancement of macrophage infiltration into the lung. In either case, heightened NO release from macrophages near tumor foci in the lung could induce NO-dependent apoptosis in the tumors (48 -50) . Recent evidence suggests that cross presentation of TAAs by DCs is more effective when TAAs are provided in apoptotic bodies in comparison with antigens loaded as soluble extracts (44, 51) . The B16-F 10 melanoma lacks class I MHC expression (43, 52) ; thus, a mechanism such as DC cross-presentation is likely required to elicit acquired antitumor immune responses. Indeed, pSIN-based vaccines that contain both dsRNA and CpG DNA are capable of breaking immunological tolerance to B16-F 10 TAAs (5, 8) . Therefore, it is plausible that, in our system, whereas all treatments elicited NK activation to similar levels, an enhanced apoptotic response in established tumors resulting from macrophage NO production provided an optimal substrate for enhanced DC cross-presentation (i.e., apoptotic B16-F 10 melanoma cells). Therefore, it is of high interest to determine whether the pIC and CpG-ODN combination can (a) induce heightened NOdependent apoptotic responses at tumor sites and (b) stimulate improved acquired antitumor immune responses relative to treatment with single agents. Thus, the improved antitumor effect may arise from heightened innate effector responses in combination with the capacity of DCs to cross-present TAAs.
Synergism between dsRNA and CpG DNA for activating innate responses may also explain the improved efficacy of pSIN-based plasmid DNA vaccines for generating antigen-specific acquired responses in comparison with pCMV-based vaccines. Whereas additional studies with the pSIN system are needed to confirm this hypothesis, our observations suggest that dsRNA produced by the Sindbis replicon in pSIN, in combination with CpG DNA inherent in the plasmid, is likely to enhance IL-12 production. IL-12 represents an important cytokine that stimulates NK cytotoxicity and induces the production of IFN-␥ from NK cells and T cells, which can feedback on antigen-presenting cells promoting antigen presentation (53) (54) (55) (56) (57) . Thus, enhanced IL-12 production resulting from dsRNA and CpG DNA in pSIN could bridge innate immunity with acquired responses (30) , thereby accounting for the efficacy of pSIN. Thus, these studies justify further exploration of the combined use of pIC and CpG-ODN as adjuvants during vaccination.
Our data as well as published reports suggest that regulation of the synergy response at the cellular level is complex, involving both primary and secondary components. It is known that promoter elements that respond to TLR signaling, i.e., NF-B and AP-1, can cooperate in regulating transcription (58 -61) . Moreover, these TLRregulatory elements can cooperate with ISREs, which are controlled by type I IFN receptor signaling, to positively regulate NOS2, thereby facilitating synergy at the transcriptional level (35, 39, 62) . In our system, it is likely that pIC, through TLR3 and perhaps other dsRNA PRRs, stimulates IFN-␤ production that can feedback in an autocrine/ paracrine manner, resulting in cooperative induction of NOS2 through interactions of TLR elements and ISREs in the NOS2 promoter (35, 39) . In apparent contradiction to this, however, the IFN-␤ response itself does not demonstrate synergy, even though its promoter possesses NF-B, AP-1, and consensus IFN response sites (63, 64) . IFN-␤ induction through dsRNA stimulation of TLR3 and PKR is mediated by IFN-regulatory factor (IRF)-3 (41, 65, 66) . In the context of the IFN-␤ promoter, IRF-3 is the primary regulator of transcriptional activation that can override relatively weak activation that occurs at NF-B and AP-1 sites (41) . An indication that the system is even more complex is the apparent antagonism of IL-12p40 by type I IFN (Figs. 4B and 5C ). These observations are in agreement with recent studies of type I IFN antagonism of IL-12 production (67). In addition, IL-12p40 induction has been reported to be controlled through TLR elements as well as the IRF family member IFN consensus sequence-binding protein (or IRF-8; Refs. 68). Thus, constitutive or induced expression of IRF family members may be involved in regulating the enhanced response observed here.
Evidence of a direct interaction between the dsRNA and TLR9 signaling pathways is provided by our data. First, it is clearly established that synergism for cytokine production occurred independent of the autocrine/paracrine effects of type I IFN. Indeed, the observation that IL-12p40 synergism was maintained in BMMs from type I IFNR-KO mice (Fig. 5C ) confirmed results in which neutralizing antibodies for type I IFN did not affect cytokine production (Fig. 4) . Second, whereas dsRNA by itself is sufficient to activate TLR elements and ISREs, the contribution of CpG DNA is required for maximal, synergistic NO response. Because the enhanced response is not accounted for by greater IFN production (Fig. 5, A and B) , the combined effects of dsRNA and CpG DNA likely result from complementary or cooperative recruitment of components of the dsRNA and TLR9 signaling pathways. Finally, the enhanced activation of the IL-8 promoter in TLR3 and TLR9 cotransfection experiments (Fig. 6 ) supports the notion that the TLR3 and TLR9 pathways cooperate with each other for activation. What remains to be determined is the mechanism of interaction. Indeed, it will be of interest to determine whether synergism occurs through mechanisms such as TLR3/TLR9 heterodimerization, corecruitment of the TLR adapter molecules TRIF for TLR3 (65, 66) and MyD88 for TLR9 (69, 70) , or interaction of signaling components more distal to receptor ligation such as complementary activation of transcription factors (71) .
The role of IFN-␤ in mediating the NOS2 synergy response to dsRNA and CpG DNA is consistent with other reports of synergy between the IFN system and TLR signaling pathways. Indeed, Toshchakov et al. (35) have demonstrated that IFN-␤ mediates NOS2 induction after stimulation with TLR4 agonists in mouse macrophages. Moreover, pretreatment with type I or type II IFNs can potentiate NOS2 induction by LPS and CpG DNA, respectively (39, 72) . Indeed, pretreatment with LPS, a strong IFN inducer in macrophages, can act in synergy with CpG DNA for NOS2 induction (73) . In support of this, cDNA microarray analyses by our group 4 show that components of the TLR signaling pathways (MyD88, TIRAP, TLR9, and TLR3) are induced after IFN stimulation. The interaction between dsRNA and CpG DNA reported here appears similar in that a strong IFN inducer (dsRNA) and CpG DNA resulted in an enhanced NOS2 response. Our system differs, however, because the agents are simultaneously added to the culture medium or injected into mice. In treatment of cultured cells, c-Jun-NH 2 -terminal kinase and p38 mitogen-activated protein kinase phosphorylation can be observed within 10 min after stimulation with pIC alone, CpG alone, and the combination (data not shown), suggesting that the dsRNA and CpG DNA pathways are present and gene induction is not required to initiate the response. Taken together, the regulation of dsRNA and CpG DNA synergism is likely to arise from both primary and secondary responses resulting in a complex interaction of TLR, type I IFNR, IRF, and likely other signaling pathways.
These studies represent the first characterization of an interaction between dsRNA and CpG DNA response pathways resulting in heightened innate immune activation. Whereas the immune mechanisms that coordinate to provide the enhanced antitumor response remain to be elucidated, it is clear that both ligands activate a number of immune functions that are capable of inhibiting tumor growth including type I IFN production, NK activation, macrophage NO production, and proinflammatory cytokine production. Regulation of the synergy response is complex, involving multiple signaling pathways from both primary (dsRNA and CpG DNA) and secondary (IFN-␤ and perhaps others) stimuli. Indeed, synergism between dsRNA and CpG pathways is important not only for understanding innate responses to viral and bacterial infection but also in the context of cancer vaccination and tumor immunotherapy. Thus, additional studies exploring this interaction will lead to an improved understanding of (a) the innate responses to pathogen infection and (b) the utility for pIC and CpG-ODN in immune-based therapies for cancer.
